A methodology is introduced to investigate the effects of ion and photon fluences on dielectrics during plasma exposure. Ion and photon fluences were separated using a capillary-array window. The fluences can be varied separately by varying the plasma parameters. Most of the charge accumulation came from the ion fluence, while the photon fluence introduced most of the defect-state modifications. It was further shown that during plasma exposure, UV photons can penetrate through the dielectric layer and cause modifications of the defect states. Based on the results, optimized conditions were found to minimize both the charge accumulation and the defect-state formation during plasma exposure. © 2010 The Electrochemical Society. ͓DOI: 10.1149/1.3524403͔ All rights reserved. Plasma-processing-induced damage has been an important issue in manufacturing microelectronic devices.
Based on this, it is our contention that, within the dielectric, beyond the ion penetration depth, photons are responsible for the damage in this region, while on the surface, the damage is primarily caused by ions. Here, the two sources of damage generated during plasma processing will be considered to determine the effects of ion and photon fluences on the damage. They are charge accumulation and defect-state formation. This article establishes the roles of photons and ions in charge accumulation and defect-state formation in dielectric materials.
In order to determine this, electron-spin resonance ͑ESR͒ spectroscopy measurements were made to detect the modifications of the interfacial defect states and surface potential measurements with a Kelvin probe were used to detect the charge accumulation. Previously, VUV and UV exposures from synchrotron radiation and HgAr lamp have been shown to be responsible for the interlayer defect-state modifications in the dielectrics. 12 As a test sample, we used atomic-layer-deposited 20-nm-thick HfO 2 on ͑100͒Si. Note that the dielectric sample is ultrathin which guarantees a modification of the interfacial defects. The resistivity of silicon substrate is 4000 ⍀ cm which is needed to obtain effective ESR measurements. 13 An electron cyclotron resonance plasma system 9 was utilized to provide the plasma exposure of the dielectric films. Argon plasma was used to minimize the creation of free radicals, 14 so that the ion and photon bombardments were the primary sources of potential damage.
To vary the ion and photon fluences, pressure and microwave power were scanned between ranges of 5 and 30 mTorr and 100 and 400 W, respectively. The pressure was varied using a mass-flow controller. For any combination of pressure and power, the ion flux can be calculated using the continuity equation 15 as
where ⌫ i is the ion flux incident on the dielectric sample and n i and v i are the ion density and velocity in the vicinity of the dielectric sample, respectively. Based on this, the ion flux incident on the sample should be equal to the flux at the edge of the sheath, where n is is the ion density in the bulk plasma, is the density-drop coefficient in the presheath, 16, 17 and u B is the Bohm velocity for the sheath formation. 18 The ion density is set equal to the electron density and the Bohm velocity can be expressed as
where n e and T e represent the electron density and the electron temperature which were measured with a Langmuir probe. 19 M is the ion mass. To maintain continuity, the ion flux at the edge of the presheath should be equal to the flux at the edge of the sheath, as expressed in the following equation
where v i is the ion thermal velocity and T i is the ion temperature. In this experiment, the plasma is highly nonthermal, so that the ion temperature can be approximated to be room temperature. Thus, the density-drop coefficient in the presheath can be expressed as
Using Eq.1 and 4, the ion flux can be obtained. The photon flux was measured with a vacuum-ultraviolet monochromator. With the monochromator, we can measure the timeintegrated photon flux over a range of wavelengths from 50 to 300 nm. Both the in situ ion flux and photon fluxes are shown in Fig. 1 . From Fig. 1 , it can be seen that within the ranges of the plasma pressure and power used here, an increase in both pressure and power will lead to a higher ion flux. On the other hand, in order to get a higher photon flux, either a lower pressure or a higher power is needed.
With each combination of pressure and power, plasma exposure was made for 10 min. Time integrated, in situ measurements of ion flux and photon flux yield their respective fluences. After plasma exposure, the surface potential and defect-state concentrations were measured with a Kelvin probe and ESR spectroscopy, respectively. Figure 2 shows the surface potential of the dielectric after plasma exposure as a function of ion and photon fluences. The surface potential for each combination of plasma pressure and power was computed as an average value over the dielectric surface that was exposed to the plasma. This allows us to convert the plasma conditions ͑pressure and power͒ directly into ion and photon fluences.
Contours of constant surface potential are also shown in Fig. 2 . It can be seen that as the ion fluence increases, the average surface potential after exposure tends to increase correspondingly. However, an increase in the photon fluence does not lead to a significant z E-mail: shohet@engr.wisc.edu change of the surface potential. This indicates that the ion fluence dominates charge accumulation during plasma exposure. In addition, with the consideration of results from Ref. 9 , we conclude that ion bombardment is critical in determining the charge accumulation on the dielectric due to ion sticking at the dielectric surface, while photon bombardment also contributes to the trapped-charge accumulation within the dielectric layer.
We utilize ESR spectroscopy to examine the modification of silicon dangling defects ͑P b -type centers͒ after plasma exposure. Figure  3 shows the results. Because the silicon substrate has ͑100͒ orientation, silicon dangling bonds at the interlayer including both P b0 and P b1 centers were expected to increase in concentration. 20 Unexposed HfO 2 has defect concentrations of 1.16 ϫ 10 12 and 4.28 ϫ 10 11 cm −2 for P b0 and P b1 centers, respectively. From Fig. 3 , it is seen that the P b concentration depends mainly on the photon fluence. As the photon fluence increases, the P b concentration decreases. From previous work, 12 it was shown that P b centers can be depleted by UV exposure. This implies that most of the UV photons from plasma exposure can penetrate through the 20-nm dielectric layer and reduce the P b concentrations, while ions can barely penetrate into the interlayer and modify the defect states. A photon fluence of 1 ϫ 10 16 photons/cm 2 can reduce most of the dangling defects.
Thus, we have found that ion bombardment influences dielectric films primarily at the surface, as evidenced by the surface charge accumulation. On the other hand, photon bombardment modifies the interlayer defect states as evidenced by changes in the defect densities. Importantly, we have found that 7.2 eV VUV exposure increases the P b concentration, while 4.9 eV UV exposure decreases the P b concentration. 12 With the observation of the depleted P b centers during plasma processing, this indicates that photons in the UV range appear to be more likely than photons in the VUV range in modifying the defect-state concentration during plasma exposure. This is also verified by the fact that as the photon energies increases from the UV range to the VUV range, the penetration depth of the photons becomes smaller. 21 Furthermore, in order to verify the plasma ion and photon bombardment penetration depths, a capillary-array window 22 was used to cover a portion of the dielectric sample. The capillary-array window filters out the ion flux while allowing photons to pass through to the dielectric. Plasma exposure was then made simultaneously on the covered and uncovered dielectric samples and the results were compared.
After simultaneous plasma exposure of the covered and uncovered samples, ESR measurements were made, as shown in Fig. 4 . From Fig. 4 , it can be seen that photon bombardment reduces the P b concentrations in HfO 2 . From analysis of the uncovered sample, the addition of ion bombardment does not modify the defect concentrations significantly. This verifies that most of the defect-state modifications were due to photon bombardment.
Based on the observation that ions introduce charge accumulation and photons in the UV range dominate in reducing the defectstate concentrations, in order to reduce both charging and defectstate concentrations, a lower ion fluence and a higher photon fluence are needed. From Fig. 1 and the above discussion, the best way to achieve this condition is to reduce the neutral pressure of the plasma. As microwave power changes, a tradeoff is observed between the charge reduction and the defect depletion. From Fig. 1 were obtained for 10-min plasma exposure. Ten minutes of plasma exposure was used so as to create a sufficient fluence in order to maximize the damage to the dielectric samples. With these plasma conditions, the charge accumulation resulted in a surface potential of 1.9 V and the P b0 and P b1 centers showed concentrations of 2.8 ϫ 10 11 and 1.3 ϫ 10 11 cm −2 that are all minimum values. It must be pointed out that because of the differences between the various plasma-processing systems as well as different types of processing, the ideal operating conditions may vary. However, with the methodology proposed in this article, it is not hard to find out the local optimum.
In conclusion, plasma conditions, i.e., pressure and microwave power, are related to the ion and photon fluxes. Ion fluence was shown to contribute mostly to the charge accumulation on the surface of the dielectric films, while photon fluence contributes primarily to modifying the concentration of interfacial defect states. Increasing the photon fluence during plasma exposure was helpful in depleting the interlayer defects. It was found that in order to optimize charge reduction and defect depletion, the plasma operating pressure should be as low as possible, consistent with the processing requirements. This methodology can be applied to various plasmaprocessing systems to find optimal operation conditions for processing various dielectric materials. 
